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The genome of the genus B entomopoxvirus from Amsacta moorei (AmEPV) was sequenced and found to contain 232,392
bases with 279 unique open reading frames (ORFs) of greater than 60 amino acids. The central core of the viral chromosome
is flanked by 9.4-kb inverted terminal repeats (ITRs), each of which contains 13 ORFs, raising the total number of ORFs within
the viral chromosome to 292. ORFs with no known homology to other poxvirus genes were shown to constitute 33.6% of the
viral genome. Approximately 28.6% of the AmEPV genome encodes homologs of the mammalian poxvirus colinear core
genes, which are found dispersed throughout the AmEPV chromosome. There is also no significant gene order conservation
between AmEPV and the orthopteran genus B poxvirus of Melanoplus sanguinipes (MsEPV). Novel AmEPV genes include
those encoding a putative ABC transporter and a Kunitz-motif protease inhibitor. The most unusual feature of the AmEPV
genome relates to the viral encoded poly(A) polymerase. In all other poxviruses this heterodimeric enzyme consists of a
single large and a single small subunit. However, AmEPV appears to encode one large and two distinct small poly(A)
polymerase subunits. AmEPV is one of the few entomopoxviruses which can be grown and manipulated in cell culture. The
complete genomic sequence of AmEPV paves the way for an understanding and comparison of the molecular properties and
pathogenesis between the entomopoxviruses of insects and the more intensively studied vertebrate poxviruses. © 2000
Academic PressINTRODUCTION
Poxviruses are widespread and infect a variety of
vertebrate and invertebrate hosts. Phylogenetically, Pox-
viridae comprise two subfamilies, the Chordopoxviridae
and Entomopoxviridae, which infect vertebrates and in-
vertebrates (insects), respectively. Complete Chordopox-
viridae genomic sequences have been derived from four
of the eight different Chordopoxvirus (ChPV)2 genera: the
rthopoxviruses vaccinia (Goebel et al., 1990; Antoine et
l., 1998) and variola (Massung et al., 1994; Shchelkunov
et al., 1995; Shchelkunov et al., 2000); the leporipoxvi-
ruses myxoma (Cameron et al., 1999) and Shope fibroma
virus (Willer et al., 1999); the avipoxvirus fowlpox (Afonso
et al., 2000); and the molluscipoxvirus molluscum conta-
giosum (Senkevich et al., 1997).
1 To whom correspondence and reprint requests should be ad-
ressed at University of Florida, College of Medicine, Department of
olecular Genetics and Microbiology, P.O. Box 100266, Gainesville, FL
2610-0266. Fax: (352) 392-3133. E-mail: rmoyer@ufl.edu.
2 Abbreviations used: AmEPV, Amsacta moorei entomopoxvirus;
bEPV, Choristoneura biennis entomopoxvirus; CfEPV, Choristoneura
umiferana entompoxvirus; ChPV, chordopoxvirus; CPV, cowpoxvirus;
PV, entomopoxvirus; FPV, fowlpoxvirus; HaEPV, Heliothis armigera
ntomopoxvirus; MCV, molluscum contagiosum virus; MmEPV,
elolontha melolontha entomopoxvirus; MsEPV, Melanoplus sangui-
ipes entomopoxvirus; MYX, myxoma virus; SFV, Shope fibroma virus;
V, vaccinia virus.0042-6822/00 $35.00
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120The Entomopoxviridae historically comprise three gen-
era based on host insect and virion morphology (Table
1). Virus genera are designated as A (coleopteran), B
(lepidopteran and orthopteran), and C (dipteran) (Arif and
Kurstak, 1991; Goodwin et al., 1991; Moyer, 1999). The
EPV from Melanoplus sanguinipes (MsEPV), a grasshop-
per (orthopteran)-derived genus B virus, was the first
sequenced EPV (Afonso et al., 1999). The complete
genomic sequence of MsEPV was informative and illu-
minated both similarities and differences between the
insect and vertebrate poxviruses (Afonso et al., 1999).
The 236-kb MsEPV genome contains a subset of genes
shared between all sequenced poxviruses and allowed
the concept of a common, universally shared genetic
core of poxvirus genes to be defined. Poxvirus core
genes included many of those associated with RNA
transcription, posttranscriptional modification, DNA rep-
lication, and core structural proteins. As informative as
the MsEPV sequence has been, full exploitation of the
information has been difficult because of the inability to
grow and readily manipulate MsEPV in vitro. However,
Amsacta moorei entomopoxvirus (AmEPV) is easily
grown in cell culture and has already been genetically
manipulated (Winter et al., 1995; Palmer et al., 1995;
Bawden et al., 2000).
The natural host of AmEPV is the red hairy caterpillar
Amsacta moorei, and it has been reported to infect ag-
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121AmEPV SEQUENCEriculturally important pests such as Estigmene acrea
(Hall and Hink, 1990) and Lymantria dispar (A. Bawden,
B. Arif, and R.W. Moyer, unpublished results). In the insect
host, infection follows ingestion of the occluded virus
and digestion of the occlusion body in the alkaline mid-
gut of the insect. Infection of larvae by AmEPV is rela-
tively instar specific, but generalized in the sense that
many cells and tissues become involved, including the
fat body, hemocytes, nerve cells, midgut cells, hypoder-
mis, tracheoblasts, and muscle cells (Bawden et al.,
2000). The infected larvae become uncoordinated and
lethargic, with loss of mobility during the later phases of
infection, which precedes death. The presence of occlu-
sion bodies containing viral particles within a matrix
consisting primarily of spheroidin is typical (Arif and
Kurstak, 1991). Dissemination of the occluded virus into
the environment occurs through regurgitation, defeca-
tion, and ultimately disintegration of dead larvae (Good-
win et al., 1991). Hence exploring both the molecular
roperties in tissue culture and the pathogenesis of
oxviruses in insects is readily approachable with the
se of AmEPV.
Differences in sequence between MsEPV and verte-
rate poxviruses were equally informative. One of the
ost distinctive features noted in the MsEPV gene se-
uence was confirmation of the prediction that ento-
opoxviruses lack a common colinear arrangement of
ommon genes identified and found in the vertebrate
oxviruses (Hall and Moyer, 1991; Sriskantha et al., 1997).
It became clear from the MsEPV sequence that, whereas
the core genes themselves were conserved among the
various viruses, the colinear organization was not main-
tained. A second major difference relates to those re-
maining genes not considered members of the con-
served poxvirus core. In the vertebrate poxviruses, many
of these genes encode various viroceptors and virokines,
which function to deflect the vertebrate host immune
defenses (Smith et al., 1997, 1998, 1999; Alcami et al.,
1998; Nash et al., 1999; Everett and McFadden, 1999;
arry and McFadden, 1997, 1998; McFadden and Barry,
998; McFadden et al., 1998; McFadden and Kelvin,
997). This subset of vertebrate poxvirus genes, which
T
The Entomo
a After Moyer, 1999.
b Estimates for genera B and C from Esposito et al., 1995.ary from genus to genus within the vertebrate poxvi-
uses, is almost universally absent in MsEPV, providing a
lear indication that a different repertoire of genes is
equired to neutralize the defense responses of insects.
We report here the complete genomic sequence of a
enus B entomopoxvirus, from Amsacta moorei, AmEPV.
hile MsEPV and AmEPV are both currently classified
s genus B entomopoxviruses, MsEPV is a virus of
rasshoppers and AmEPV infects only lepidopteran
osts. Analysis of the AmEPV genomic sequence corrob-
rates the concept of a conserved core of poxvirus
enes. Like MsEPV, there is no evidence of a colinear
rganization of the AmEPV core genes similar to that
bserved among the vertebrate poxviruses. Surprisingly,
here is also a lack of significant colinearity between
sEPV and AmEPV, despite their grouping as genus B
iruses, and a relatively low overall degree of identity
etween comparable genes. However, as will become
vident from the data presented in this paper, the taxon-
my, at least for the genus B entomopoxviruses, is inad-
quate and needs to be reassessed.
The genes encoded by AmEPV can be broadly divided
nto three groups: genes belonging to the core of con-
erved poxvirus genes shared by all poxviruses; a sec-
nd group of genes shared by AmEPV and other insect
iruses (e.g., MsEPV); and a third group composed of
enes totally unique to AmEPV. We propose that the
ollections of genes shared by the two entomopoxvi-
uses, but which are absent from the vertebrate poxvi-
uses, comprise those genes necessary for growth
ithin a generalized insect environment. The third group
f genes, those completely unique to AmEPV, and the
orresponding unique genes of MsEPV are likely to be
equired for growth in the specific insect host.
RESULTS
rganization of the AmEPV genome
The AmEPV genome consists of 232,392 bases, which
s approximately equal to published or estimated ge-
ome sizes for other insect poxviruses [MsEPV, 236 kb
Afonso et al., 1999); HaEPV, 233 kb (Sriskantha et al.,
us GeneraABLE 1
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122 BAWDEN ET AL.1997)]. Previous size estimates of the AmEPV genome
varied from 225 kb from restriction and physical mapping
analysis to 242 kb derived from pulse-field electro-
phoretic gel analysis (Hall and Hink, 1990). The leftmost
nucleotide of our assembled sequence was designated
as base number one, recognizing that the precise
genomic termini were not sequenced. This nomenclature
is patterned after that of MsEPV (Afonso et al., 1999).
The efficient use of coding capacity in AmEPV is evi-
denced in Fig. 1. Of the total virus genome, including
ITRs, 95% is devoted to encoding proteins of 60 or more
amino acids. Computer-assisted ORF searches detected
a total of 279 unique ORFs in the AmEPV genome. Most
of the genome consists of a central coding region
flanked by 9.4-kb inverted terminal repeats (ITRs). Each
ITR contains identical duplicate copies of 13 ORFs, rais-
ing the total number of ORFS within the AmEPV genome
to 292. Thirty-seven smaller ORFs are completely con-
tained within larger ORFs. The presence of smaller ORFs
within larger ORFs immediately raises the question of
their significance. Of the 37 ORFs (Fig. 1), 35 are en-
coded on the opposite strand from the larger, encom-
passing ORF. The remaining 2 ORFs, although encoded
on the same strand as the larger ORF, are in an alterna-
tive reading frame. Twenty-five of the 37 ORFs contain a
putative promoter. Whether any or all of these 37 tenta-
tive ORFS encode individual proteins awaits further mo-
lecular analysis.
It is commonly observed in poxvirus genomes that the
ORFs situated near the ends of the genome are prefer-
entially transcribed toward the closest termini (Upton et
al., 1988; Upton and McFadden, 1986). However, as can
been seen in Fig. 1, this is not the case with the ORFs of
AmEPV, where no discernable pattern of transcription of
genes near the termini can be observed.
Previous estimates placed the A1T content of the
AmEPV genome at 81.5% (Langridge, 1983). A recalcula-
tion based on the known sequence has raised this to
82.2%, making AmEPV the most A1T-rich poxvirus se-
quenced to date. In this regard, it is interesting to note
that 62% of all encoded amino acids are Ile, Leu, Phe,
Asn, or Lys, in descending order of frequency, which are
composed mainly of A1T-rich codons. The unusually
high A1T content may also be reflected in the large
number of translational stop codons (8.9% of coding
capacity) and relatively few methionine-encoding triplets
(1.6%).
Table 2 lists all the ORFs encoded by the AmEPV
genome, and any putative functions which can be as-
signed to the encoded proteins. Default E (EXPECT)
values of ,0.01 were used to define homology to se-
quences in current databases. Of AmEPV ORFs, fifty-two
(28.6% of the genome) show homology to ChPV genes,
and 91 ORFs (31.3% of the genome) have homologs in
EPVs or other insect viruses. The largest class (136
ORFs; 35.1% of the genome) is of unknown function andmembers of this class have not been found in any insect
virus or ChPV genomes thus far. The terminal regions of
AmEPV contain few genes homologous to any other
described gene. Figure 2 illustrates this phenomenon, as
well as the observation that AmEPV homologs of both
vaccinia virus (VV) and MsEPV genes (which we have
used as available examples for the ChPV and EPV) are
positioned more toward the center of the AmEPV ge-
nome. In contrast, novel AmEPV genes are easily iden-
tified as occurring more often toward the genomic ter-
mini.
Vertebrate poxviruses have been shown to generally
share a colinear arrangement of core genes (Goebel et
al., 1990; Massung et al., 1994; Senkevich et al., 1997;
Afonso et al., 2000). Sequence information from a num-
ber of EPVs suggested that this colinear arrangement of
core genes is not conserved in members of the EPV
subfamily (Hall and Moyer, 1993; Sriskantha et al., 1997;
fonso et al., 1999). The complete genomic sequence of
AmEPV enables us to unequivocally confirm this, but
also shows there is no conserved colinear core between
viruses of genus B. Figure 3 graphically illustrates the
absence of any type of shared spatial gene arrangement
between a typical ChPV (VV), MsEPV, and the genome of
AmEPV. Note that flipping the AmEPV genome direction
from 39 to 59 does not lessen the degree of gene shuffling
which has occurred within these different viruses.
Promoter consensus sequences
AmEPV contains promoter elements which govern
gene expression similar to those found in other poxvi-
ruses. Of AmEPV genes, 133 are considered to be early
or potentially early; 158 genes possess motifs which
result in late or potentially late promoters. Only 15 genes
from the entire 279-gene genome have no recognizable
promoter or regulatory elements. Genes that contain the
sequence TGAAAXXXXA or TGAATXXXXA within 100
bases of their translational start codons were considered
early (E) or potentially early (E?), respectively (Table 2).
This motif resembles the ChPV early promoter core con-
sensus sequence (Moss, 1996; Senkevich et al., 1997)
and was also used to predict early genes of MsEPV
(Afonso et al., 1999). These motifs have been found
upstream of known EPV early genes such as the thymi-
dine kinase (TK) gene (Gruidl et al., 1992; Lytvyn et al.,
1992), CbEPV DNA polymerase (Mustafa and Yuen,
1991), and the MmEPV fusolin gene (Li et al., 1997;
Gauthier et al., 1995). Of the 36 early MsEPV gene ho-
ologs in AmEPV, 27 contain predicted early promoters.
or comparison with vertebrate poxvirus homologs, we
dopted the most recently published mammalian poxvi-
us promoter sequence predictions (Cameron et al.,
999; Willer et al., 1999), which emanated from the earlier
ork of Davison and Moss (1989). Of the 16 early myx-
ma virus (MYX) homologs in AmEPV, 11 contained early
m
t
a
a
123AmEPV SEQUENCEpromoter elements. As a first approximation, candidate
genes were considered early only if they contained the
VV early transcription termination sequence (TTTTTNT)
near the 39 end of the gene (Gruidl et al., 1992; Li et al.,
1997; Sriskantha et al., 1997; Yuen and Moss, 1987).
FIG. 1. Linear map of the AmEPV genome. Predicted ORFs are num
ethionine codon. ORFs transcribed in a rightward direction are show
o the left are below. ITRs are indicated by heavy black arrows. A dis
dditional MsEPV homologs are indicated with purple numbers. ORFs h
s shown.There are examples of putative early genes which con-
tain the TTTTTNT motif toward the 59 N-terminal portion
of the ORF such as the DNA polymerase of MYX (Cam-
eron et al., 1999) and Shope fibroma (SFV) (Willer et al.,
1999) viruses. Therefore, our estimates of early genes
consecutively from left to right based on the position of the initiating
e the horizontal line, designating the viral genome; ORFs transcribed
f 1 kb is as shown. ChPV homologs are indicated with red numbers;
n assigned function where possible from BLAST data, and color-codedbered
n abov
tance o
ave bee
124 BAWDEN ET AL.may be low. This sequence is found within 100 bases 39
of the ORF of 42 of the 116 predicted early AmEPV genes.
AmEPV ORFs that contained the sequence TAAATG at
the translational start site were considered late genes (L)
(Bertholet et al., 1986; Rosel and Moss, 1985; Weir and
T
Predicted ORFsMoss, 1984; Davison and Moss, 1989). This late promoter
consensus sequence has been observed in other EPV
late genes such as spheroidin, the nucleoside triphos-
phatase (NTPase), hydrolase I (NPH-I), and topoisomer-
ase (Hall et al., 1996; Hall and Moyer, 1991; Li et al., 1997;
mEPV GenomeABLE 2
of the A
c125AmEPV SEQUENCESanz et al., 1994; Sriskantha et al., 1997). Genes that
ontained the sequence TAAAT or TAAAAT within 100
bases upstream from their start codon were also poten-
TABLE 2tially considered late genes (L?) (Table 2). These se-
quences have been found upstream of other late verte-
brate poxvirus genes (Roseman and Hruby, 1987).
tinued—Con
126 BAWDEN ET AL.Terminal regions
AmEPV is one of the few entompoxviruses which can
be easily and reliably replicated in tissue culture (Winter
et al., 1995; Hall et al., 1996). Because of this, we were
TABLE 2able to obtain DNA for sequencing from a single clonal
virus plaque, thus minimizing template heterogeneity.
The results of sequencing from nonclonally isolated tem-
plate DNA can be seen in the resultant sequence of
tinued—Con
127AmEPV SEQUENCEMsEPV, where the two inverted terminal repeat (ITR)
regions are not identical (Afonso et al., 1999).
Poxvirus ITRs can vary considerably in size. The small-
est ITRs are those of variola Bangladesh, which are only
725 bp (Massung et al., 1993; Massung et al., 1994). The
AmEPV genome contains identical ITR tandem repeats
TABLE 2of 9.4 kb at both termini, which are organized in a fashion
similar to that of other poxviruses; i.e., a series of tan-
demly repeated sequences interspersed with nonrepeti-
tive spacer region (Fig. 1) (Massung et al., 1995; Wittek et
al., 1978; Upton and McFadden, 1986; Afonso et al., 1999).
MYX and AmEPV share a similar ITR structure, in that the
tinued—Con
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128 BAWDEN ET AL.ORFs encoded in this region extend to the very ends of
the genome termini, and contain very little noncoding
DNA (Cameron et al., 1999). Other sequenced poxvirus
ITRs contain smaller numbers of genes interspersed
with large regions of noncoding DNA within them. Other
examples of poxvirus ITRs include MsEPV, which con-
tains 3 kb of noncoding DNA within the ITRs (Afonso et
al., 1999), 6 kb in VV Ankara strain (Antoine et al., 1998),
and 3 kb in molluscum contagiosum virus (MCV) (Sen-
kevich et al., 1997). As seen in Table 2, each of the ORFs
within the AmEPV ITR encodes a protein of unknown
TABLE 2
Note. Vaccinia homologs are shown in parentheses, MsEP
named AmEPV genes are shown in braces.
a Amino acids.
b GenBank accession numbers.
c Likelihood of identity (EXPECT) score.
d Predicted domains revealed by Pfam and Psort programs (
e U 5 genes not found in other poxviruses; E 5 genes found
f Putative promoter type: E 5 early; L 5 late; ? 5 promoters
score too low to be quantified.
FIG. 2. Comparison of the genome organization of AmEPV, MsEPV,
and VV. AmEPV ITRs are positioned at the termini of the viral genome
as indicated. AmEPV genes which have homology to VV genes are
depicted in (A). AmEPV genes which have homology to MsEPV are
depicted in (B). Genes in the AmEPV genome common to both MsEPV
and VV are in (C). Novel genes encoded by AmEPV are shown in (D).
Note that the majority of the ITR regions are composed of novel genes.function not found within the current database. The ex-
ception to this is AMVITR1. This most-terminal gene has
homology to MsEPV MSV010. Although this gene is not
within the ITR region of the MsEPV genome, it is located
toward the left terminus. The gene encodes a member of
the leucine-rich gene family protein of unknown function.
Spontaneous DNA arrangements occur with an in-
creased frequency at or near the terminal inverted repeat
sequences of poxviral genomes (Moyer et al., 1980).
ndeed, the majority of novel and nonessential genes are
enerally found within poxviral ITRs or toward the
enomic termini.
mEPV and vertebrate poxvirus gene homologs
The complete genomic sequences of vaccinia and
ariola viruses from the orthopoxvirus genus, myxoma
nd Shope fibroma viruses from the leporipoxvirus ge-
us, fowlpox from the avipoxvirus genus, the mollusci-
oxvirus molluscum contagiosum, and the genus B EPV
sEPV have allowed definition of conserved poxvirus
enes present in most, if not all, poxviruses. Inclusion of
he AmEPV genomic sequence extends that concept.
Inspection of the AmEPV sequence shows 52 ORFs
hich have homology to genes found in ChPV (Table 3).
tinued
logs not already listed are shown in brackets, and formerly
terials and Methods).
er entomopoxviruses; C 5 genes found in chordopoxviruses.
biguous motifs. hp 5 hypothetical protein. * designates an E—Con
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129AmEPV SEQUENCEOf these, 44 can be assigned a tentative function. The
remaining 8 ORFs, which are generally conserved, have
no known function. Of the 44 ORFs with a tentatively
assigned function, 18 are derived from putative proteins
involved in mRNA synthesis, which include 5 ORFs com-
prising an RNA polymerase, 4 ORFs likely to encode
transcription factors, 3 ORFs related to helicases/
NTPases, and 5 ORFs devoted to posttranscriptional
mRNA modifications. Of the ORFs devoted to mRNA
modification, the poly(A) polymerase deserves special
mention. Normally, this heterodimeric enzyme consists of
a large and a small subunit. However, the AmEPV se-
quence reveals the presence of three, rather than the
expected two, potential subunits. The ORFs AMV038,
AMV060, and AMV115 are predicted to represent one
large and two small poly(A) polymerase subunits, re-
spectively. This unusual feature is discussed in a sub-
sequent section. There are 7 homologous ORFs involved
in functions of DNA replication/repair, which include a
DNA polymerase, photolyase, nucleotide phosphohydro-
lase, DNA topoisomerase, and uracil DNA glycosylase.
Interestingly, neither AmEPV nor MsEPV encodes a ho-
molog of the vaccinia I3L protein. The I3L protein is a
DNA-binding protein and is presumably involved in DNA
replication (Davis and Mathews, 1993). Ten ChPV/EPV
ORFs are associated with conserved virus structural
proteins. Finally, there are 8 ORFs associated with enzy-
matic activities not strictly related to nucleic acid metab-
olism.
Several of the genes included in our table of AmEPV
vertebrate poxvirus homologs are not universally con-
served, but are nevertheless present in many poxviruses.
One example is the thymidine kinase (TK) gene. AmEPV
encodes a TK gene, as do most ChPV and most other
genus B EPVs investigated to date (Lytvyn et al., 1992).
FIG. 3. Comparison of the spatial distribution of homologous genes be
the genomes of all three indicated viruses were plotted on the 119-kb
From left to right on the AmEPV genome, the genes shown and their a
AMV038, PAP large subunit; AMV050, DNA polymerase; AMV051, RP035
unknown function; AMV150, ATP/GTP binding protein; AMV166, RP019;
RP0147; AMV232, membrane protein; AMV243, membrane protein; A
genome. (A) left to right, (B) right to left.owever, the gene is noticeably absent from both MCV
nd MsEPV (Senkevich et al., 1997; Afonso et al., 1999).
erhaps as previously suggested in the case of MsEPV,
he absence of a TK and other enzymes related to nu-
leotide biosynthesis is reflective of a differential depen-
ence on host biosynthetic pathways (Afonso et al.,
999). Similarly, the CPD photolyase is not universally
onserved within all members of the poxvirus family, but
s present in a number of different viruses. Also of note is
sEPV ORF237, which is homologous to vaccinia virus
2R (Afonso et al., 1999; Goebel et al., 1990). This ORF of
nknown function, found at the right termini of both
iruses, is absent from the genome of AmEPV. Likewise,
Cu/Zn superoxide dismutase (SOD) found within
mEPV (AMV255) is absent from the genome of MsEPV
nd is fragmented or partially deleted in many orthopox-
iruses (Smith et al., 1991; Cameron et al., 1999). Both
PVs also encode a homolog of the A21L protein of VV.
lthough the exact function of the A21L protein is un-
nown, it has been shown to interact with the A6L pro-
ein, using the two hybrid system (McCraith et al., 2000).
nterestingly, there is no homolog of the A6L protein in
ither EPV. Therefore, with the exception of the TK, SOD,
rotein tyrosine phosphatase, and VV B2R, AmEPV and
sEPV share the same suite of ChPV virus homologs.
omparison of ORF content between AmEPV
nd other EPVs
As well as the core poxviral genes shared between
hPV and EPV shown in Table 3, there are a number of
enes which are shared between sequenced ento-
opoxviruses, that is, AmEPV and MsEPV. Limited se-
uence data are also available from various regions of
ther entomopoxviruses currently under investigation.
AmEPV, MsEPV, and VV. A random sampling of genes conserved within
e of VV, the 232-kb AmEPV genome, and the 236-kb MsEPV genome.
function are AMV016, thymidine kinase; AMV035, membrane protein;
66, RP0132; AMV105, VETF-L; AMV122, rifampicin resistance; AMV138,
1, core protein; AMV186, unknown function; AMV205, VLTF-3; AMV221,
, unknown function. Plots compare both orientations of the AmEPVtween
genom
ssigned
; AMV0
AMV18
MV249
TABLE 3
Chordopoxvirus Homologs Found within AmEPV
AmEPV ORF
Length
amino acids
MsEPV
ORF
Length
amino acids
VV
ORF
Length
amino acids Gene name and/or function
Transcription/RNA Modification
RNA polymerase
AMV051 349 149 348 A29L 305 RP035
AMV054 822 119 807 H4L 795 RAP94
AMV066 1196 155 1190 A24R 1164 RPO132
AMV166 237 100 230 A5R 164 RPO19
AMV221 1301 43 1319 J6R 1286 RPO147
AMV230 179 245 186 D7R 161 RPO18
Transcription Factors
AMV047 259 187 261 A1L 150 VLTF-2
AMV091 356 52 345 A23R 382 transcription factor
AMV105 767 63 760 A7L 710 VETF-L
AMV174 670 113 674 D6R 637 VETF-s
AMV205 228 65 218 A2L 224 VLTF-3
NTPase/helicase
AMV059 469 148 471 A18R 493 DNA helicase
AMV081 720 86 717 I8R 676 RNA helicase
AMV192 648 53 647 D11L 631 NPH-I
mRNA modification
AMV038 573 143 571 E1L 479 PAP-L
AMV060 295 41 293 J3R 333 PAP-S
AMV093 262 124 267 D12L 287 mRNA capping small subunit
AMV115 293 41 295 J3R 333 PAP-S
AMV135 627 67 860 D1R 844 mRNA capping large subunit
DNA replication/repair
AMV016 182 N/A N/A J2R 177 Thymidine Kinase
AMV025 453 235 466 S127L* 445 CPD photolyase
AMV050 1105 36 964 E9L 1006 DNA polymerase
AMV052 333 130 328 H6R 314 DNA topoisomerase
AMV058 276 150 289 D10R 248 NTP pyrophosphohydorlase/mutT
AMV087 726 89 834 D5R 785 NTPase
AMV231 344 208 232 D4R 218 uracil DNA glycosylase UNG
Structural
AMV035 336 121 333 G9R 340 membrane protein
AMV061 255 158 293 L4R 251 30K virion protein
AMV118 386 90 380 A16L 378 membrane protein
AMV122 567 69 584 D13L 551 rifampicin resistance gene
AMV139 1149 152 1306 A10L 891 P4a core protein
AMV147 668 164 648 A3L 644 P4b core protein
AMV181 464 189 464 17L 423 core protein
AMV217 246 183 242 L1R 250 myristylated membrane protein
AMV232 140 142 139 J5L 133 membrane protein
AMV243 248 94 241 F9L 212 membrane protein
Enzymes
AMV078 165 N/A N/A S069L* 173 protein tyrosine phosphatase
AMV114 105 93 107 E10R 95 put. redox
AMV133 287 48 288 M5L** 75 lipase
AMV150 240 171 244 A32L 300 ATP/GTP binding protein
AMV153 468 173 457 F10L 439 Ser/Thr protein kinase
AMV197 299 154 396 B1R 300 Ser/Thr protein kinase
AMV256 609 56 629 G1L 591 metalloprotease
AMV255 152 N/A N/A A45R 163 Cu/Zn superoxide dismutase
Unknown
AMV041 213 39 193 G6R 165 unknown
AMV069 348 180 343 L3L 350 unknown
AMV127 195 60 194 H2R 189 unknown
AMV138 320 151 313 A11R 318 unknown
AMV162 163 106 163 A22R 176 unknown
AMV179 416 115 505 G5R 434 unknown
AMV186 161 132 161 A28L 146 unknown
AMV249 112 209 113 A21L 117 unknown
Note. All ChPV homolog ORFs shown are from VV. Where no homolog exists, * SFV and ** CPV.130
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and EPVs, it is not unexpected that many genes differ
between the two subfamilies. Approximately one-third of
genes encoded by ChPVs are responsible for a response
against host immune defense systems (Gooding, 1992;
Smith, 1994, 2000), and it is not unreasonable to expect
a similar distribution of gene usage within the EPV sub-
family. One may speculate that the 69 genes of unknown
function shared between MsEPV and AmEPV (but absent
in ChPVs) are involved in insect-specific interactions.
The pattern of gene organization within the genome of
genus B EPVs has long been realized as being distinct
from those of the ChPVs (Hall and Moyer, 1991; Sriskan-
tha et al., 1997; Afonso et al., 1999). However, it is now
also evident that within genus B, obvious reorganization
has occurred (Fig. 3). For example, the NPH-1 and
spheroidin homologs are immediately adjacent in all
other known genus B viruses from Choristoneura and
Heliothis, but are separated by 20 kb in MsEPV. Similarly,
the juxtaposed A23R protein and NPH-1 homolog in
MsEPV are separated by 78 kb in the AmEPV genome.
Although there are no areas of organizational identity
between the MsEPV and AmEPV genomes, there is one
region of AmEPV genes (AMV159–AMV164) which con-
tains homologs to MsEPV genes in the order of MSV111,
-110, -108, -106, -112, and -107. All of these genes are of
unknown function, but given the lack of spatial conser-
vation and degree of gene shuffling between MsEPV and
AmEPV genes in all other areas of the AmEPV genome,
small groups of genes may be present as the last rem-
nants of divergence from a common ancestor. Alterna-
tively, small clusters of genes might have remained in
close proximity to each other as the result of a more
recent acquisition or for functional or regulatory reasons.
Albeit not as striking an example, the homologs of
MsEPV genes MSV085–MSV089 are also nonsequen-
tially grouped within a nine-gene assembly within
AmEPV (AMV079–AMV087). For these reasons, it is likely
that a conserved colinear core of genes may be shared
only among the lepidopteran viruses within EPV genus B
(Afonso et al., 1999). Additional sequence data may show
a second, different, colinear core of genes shared by
orthopteran genus B viruses.
In this regard, the comparative alignment of two lepi-
dopteran group B viruses, AmEPV and published HaEPV
genes, does reveal some organizational similarities. Cer-
tain colinear regions do appear to be shared, and the
question of greater degrees of colinearity will be an-
swered only after more complete sequence data are
available for another lepidopteran EPV. Positions of the
spheroidin, NPH-1, “Q3,” and DNA polymerases are all
similarly situated within the genomes of the two viruses.
The juxtaposed HaEPV PAP2, 30K, and ORF4 genes are
also immediately adjacent and colinear in AmEPV, with
ORF direction preserved (AMV060, AMV061, and
AMV062) (Crnov and Dall, 1999). As anticipated, compar-
ative alignments have also highlighted differences be-tween these two more closely related genus B lepidop-
teran EPVs. For example, the large RNA polymerase of
HaEPV is located toward the leftmost end of the genome,
whereas it is positioned at the right end of AmEPV.
Likewise the “17K” ORF of HaEPV is duplicated and
terminally located within its ITRs, but homologous re-
gions within AmEPV are not repeated and are positioned
approximately 100 genes from the genomic termini.
Whether or not a generally colinear arrangement of
genes emerges for the lepidopteran EPVs, it is obvious
that EPVs in general have not followed the evolutionary
direction of ChPV, which has enabled them to retain a
common colinear gene core.
Clearly, genes shared between AmEPV and MsEPV
are not arranged in a colinear fashion and, based on
overall gene organization, MsEPV and AmEPV may be far
more distantly related than the current common morpho-
logically based classification as genus B EPVs would
suggest. There are two possible models for explaining
this divergence in gene order between AmEPV (lepidop-
teran) and MsEPV (orthopteran) viruses. One model em-
ploys a large evolutionary gap between the two viruses.
A second model is based on intrinsic genomic plasticity
and generalized movement of genes within the viral
chromosome of EPVs. Comparative homologies among
essential genes (e.g., RNA polymerase subunits) suggest
that MsEPV and AmEPV are more closely related to each
other than either is to ChPV homologs. Therefore, it may
well be that plasticity or position-independent location of
genes within EPVs plays a significant role in the creation
of divergent gene orders.
AmEPV encodes an additional 27 gene homologs not
found within ChPV or MsEPV, but which are present in
other insect viruses, including baculoviruses (AcNPV,
XcGV, SeNPV, CpGV, LdNPV, and TnGV) and an iridovirus
(Chilo iridescent virus). The majority of these genes have
previously been assigned functions, and a number are
not specific to insect viruses alone (see Table 2).
AmEPV gene families
MsEPV was found to encode 43 novel ORFs which
could be grouped into five gene families of varying strin-
gency. Examination of the AmEPV genomic sequence
revealed the presence of 23 genes which can be
grouped into six gene families (Table 4).
The AMV176 gene family has no homology to any
proteins within current databases. Each of these 86 res-
idue proteins is identical, except for a single nucleotide
substitution in AMV056, which results in an isoleucine
codon at residue 37, instead of the leucine coded by both
AMV176 and AMV178. It is unusual to observe perfect
copies of genes within a gene family. All members of the
family are predicted to contain a transmembrane do-
main.
The five-member ALI-like (alanine-leucine-isoleucine)
gene family largely comprises ORFs related to the
132 BAWDEN ET AL.AMV176 gene family discussed earlier. The function of
this family is unknown, and the ORFs do not possess any
motifs indicative of transmembrane domains or signal
sequences. AMV055 appears to be a carboxy-terminal-
truncated member of this family. This 133-residue ORF
shares a large number of residue identities with the
other family members. The final member of the family,
AMV257, appears to be truncated at the N-terminus and
is less related to the other members of this family. Nev-
ertheless, its homology to MSV196 warrants its inclusion
in this group.
A third MTG-like (methionine-threonine-glycine) gene
family has three members: AMV194, AMV207, and
AMV209. There is 69% identity between AMV207 and
AMV209. AMV194 is somewhat less related to the other
family members. Each gene was identified indepen-
dently based on its homology to the MTG gene family
ORF MSV198 found in MsEPV. However, the invariant
signature MTG motif is absent from all AmEPV proteins,
and an expected internal motif found within the MsEPV
proteins was found to be degenerate.
A fourth family comprising only AMV029 and AMV254
shows homology to MsEPV ORF MSV027, which is a
member of the tryptophan repeat gene family. Both
AmEPV ORFs contain the expected motifs, although
AMV029 does show degeneracy.
The fifth, 17K ORF gene family, contains five members
which do not show any homology to MsEPV proteins, but
are instead related to the 17K ORF of HaEPV. AMV024,
AMV110, and AMV112 show excellent conservation at
TABLE 4
AmEPV Gene Families
Gene family
AmEPV
ORF Size (aa) Homology
AMV176 AMV056 86 none
AMV176 86 none
AMV178 86 none
ALI-like AMV055 133 HaEPV ORF6/MSV194
AMV057 352 HaEPV ORF6/MSV194
AMV175 346 HaEPV ORF6/MSV194
AMV177 360 HaEPV ORF6/MSV194
AMV257 125 MSV196
MTG-like AMV194 472 MSV198
AMV207 476 MSV198
AMV209 463 MSV198
Tryptophan AMV029 290 MSV027
AMV254 215 MSV027
17K ORF AMV024 354 HaEPV 17K ORF/FPV124
AMV110 362 HaEPV 17K ORF/FPV124
AMV112 348 HaEPV 17K ORF/FPV124
AMV100 136 HaEPV 17K ORF/FPV248
AMV132 207 HaEPV 17K ORF/FPV248
LRR AMVITR1 460 MSV010
AMV005 350 MSV011
AMV014 486 MSV240
AMV076 117 MSV255
AMV134 535 MSV240both their amino and carboxy termini, with a 60-residue
internal portion of lesser similarity. Interestingly, these
three genes also show homology with the N1R/p28 gene
family of FPV (FPV124). AMV100 and AMV132 are also
homologous to the HaEPV 17K ORF and to FPV248, but
less so. There is no homology between these two pre-
dicted AmEPV proteins themselves. Fifteen residues are
shared between all members of this family.
The sixth gene family is the LRR (leucine-rich repeat)
gene family, which contains five AmEPV genes based on
the position of a motif containing regularly spaced
leucine residues. There is a large LRR gene family in
MsEPV. Each of the five members of the AmEPV LRR-like
family shows homology to an LRR gene family protein of
MsEPV. AMVITR1 and AMV005 are 63% identical and
very well conserved at their amino terminus. AMV014
and AMV134 share regions of homology along their
lengths. At 117 residues, AMV076 is significantly smaller
than other LRR-like gene family members (varying from
350 to 535 residues). However, when aligned with all
other family members, an internal conserved motif
emerges, which includes seven leucine or isoleucine
residues.
AmEPV ORFs encoding novel gene products with no
known homologs
The majority of the AmEPV genes with no known
homologs are located at the terminal extremes of the
virus genome, as can be easily observed in Fig. 1. More
than one-third of AmEPV ORFs (128 of 279) show no
homology to any sequences currently in the databases.
We have arbitrarily classified these novel ORFs on the
basis of whether they contain a predicted transmem-
brane domain (TM) and/or signal peptide (SP). Based on
this classification, 4 ORFs possess predicted TM and SP
domains, 3 an SP only, 56 a TM alone, and 65 possess
neither. We expect that, like the ChPV, a number of
AmEPV genes are devoted to overcoming host defense
responses. It is reasonable to assume that at least some
of these novel unknown ORFs are involved in these
processes.
Particularly intriguing AmEPV ORFs
Most genes encoded by AmEPV have homologs in
ChPVs, EPVs, or other insect viruses. In addition, there
are a number of ORFs with unknown function, unique to
AmEPV, as discussed earlier. There are also ORFs of
interest potentially involved in host pathogenesis or vir-
ulence, such as AMV133, which encodes a lipase;
AMV255, which encodes a superoxide dismutase (SOD);
AMV025, which encodes a CPD photolyase; and
AMV021, which encodes a baculovirus-like inhibitor of
apoptosis (IAP). Next, we briefly discuss each of these
genes and their possible interactions with the host im-
mune system.
AMV133 encodes a putative triacylglyceride lipase
133AmEPV SEQUENCEgene, which could conceivably function as a virulence
gene through lipid hydrolysis. AmEPV has been shown to
launch a promiscuous infection within the insect, includ-
ing the fat body (Arif and Kurstak, 1991), which is the
major site of lipid storage (Chapman, 1998). Although
AmEPV-infected insects do not undergo the “melting”
phenotype associated with baculovirus infection, lipid
hydrolysis would be anticipated to increase viral viru-
lence, as has also been suggested for the lipase gene of
MsEPV (Afonso et al., 1999). Ectromelia and CPV are the
only other poxviruses which encode similar proteins, and
these are thought to play a role in the viral inflammatory
response (Wall et al., 1997).
AmEPV AMV255 encodes a Cu/Zn superoxide dis-
mutase homolog. These proteins are widespread in na-
ture and are recognized as a primary defense against
the damage of superoxide radicals (Fridovich, 1997). Al-
though the SOD homolog was initially discovered in a
baculovirus (Tomalski et al., 1991), all sequenced ChPVs
have also been found to encode a vestige of a SOD.
However, many include deletions or substitutions within
the coding region, which render the protein inactive
(Smith et al., 1991; Willer et al., 1999), but the AmEPV
homolog appears to be intact. MsEPV does not encode a
sod (Afonso et al., 1999).
During their life cycle, most insect viruses spend some
period of time exposed to potentially detrimental envi-
ronmental conditions. Therefore it is somewhat surpris-
ing that more insect viral genomes do not contain light-
dependent DNA-repair mechanisms. AmEPV (AMV025)
and MsEPV both encode a CPD photolyase homolog, as
do the ChPV SFV and MYX. These are the only reports of
virally encoded CPD photolyases.
Viruses have evolved various strategies to inhibit ap-
optosis, thereby allowing intracellular viral replication. In
ChPVs, apoptosis is controlled in part by serpins (Petit et
al., 1996; Ray et al., 1992; Spriggs et al., 1992; Ray and
Pickup, 1996; Macen et al., 1998; Turner and Moyer,
1998). Insect viruses control apoptosis through either
p35 or through a series of inhibitor of apoptosis (IAP)
proteins (Deveraux and Reed, 1999; Miller, 1999; Manji et
al., 1997). AMV021 encodes one such IAP protein and
contains two typical baculovirus IAP repeats and a C-
terminal RING-finger motif. The AMV021 ORF shows sig-
nificant identity to the IAP of Cydia pomonella granulosis
virus (47%), which has previously been shown to be
functionally active (Crook et al., 1993). AmEPV and
MsEPV are the only poxviruses found to encode IAPs.
However, this is not surprising, since these proteins have
been noted only in the genomes of viruses which infect
insect or arthropod hosts.
DISCUSSION
In the following sections, we discuss in more depth
several different ORFs encoded by AmEPV of predicted
function, which are notable because either they currentlydo not have homologs in any published viral sequence to
date or they possess novel aspects of previously de-
scribed poxvirus genes.
AMV060 and AMV115: The AmEPV poly(A)
polymerase
ORFs AMV060 and AMV115 present us with a com-
pletely unanticipated variation of a well-detailed poxvirus
encoded enzyme, the poly(A) polymerase. The cytoplas-
mic synthesis of poxvirus mRNAs involves not only tran-
scription of a given gene by the viral RNA polymerase,
but also posttranscriptional modification of the tran-
scripts, including 39 poly(A) addition and 59 capping as
well as 29 O-methylation. In the case of VV, addition of
poly(A) to transcripts and 29 O-methylation of the mRNAs
involves a heterodimeric poly(A) polymerase consisting
of one large (VP55) and one small (VP39) subunit en-
coded by two distinct ORFs (Brakel and Kates, 1974;
Gershon et al., 1991; Schnierle et al., 1992).
The AmEPV genomic sequence has revealed a very
interesting, and possibly unique, feature of the poly(A)
polymerase in this entomopoxvirus. Like other poxvi-
ruses, there is a single, large subunit (AMV060) of ap-
proximately 570 amino acids. This is similar in size to the
large VV poly(A) polymerase subunit (VP55). However,
unlike any other poxvirus (Afonso et al., 1999, 2000;
Cameron et al., 1999; Willer et al., 1999; Senkevich et al.,
1997; Antoine et al., 1998; Goebel et al., 1990), sequenc-
ing suggests that AmEPV may encode two small sub-
units (AMV060 and AMV115). The two small subunits are
somewhat smaller than the 333-amino-acid VV small
subunit (295 and 293 amino acids, respectively) (Fig. 4)
and related throughout their length.
Comparison of both AMV060 and AMV115 to the small
subunit of VV (VP39, ORF J3R), MsEPV (MSV041), and the
sole poly(A) polymerase subunit revealed in the incom-
pletely sequenced genome of HaEPV is striking (Fig. 4).
Both AmEPV small subunits show the largest degrees of
relatedness to other poxvirus poly(A) polymerase small
subunits within the first 200 amino acids. Both AmEPV
small subunits contain a highly conserved poly(A) poly-
merase regulatory structural motif encompassing amino
acids 1–281 within AMV060 and amino acids 8–271
within AMV115. The AMV060 subunit is more related to
VP39 than is AMV115. However, if the two AmEPV small
subunits are both compared to the single poly(A) poly-
merase small subunit of MsEPV (MSV041), the homolo-
gies for both AMV60 and AMV115 to MSV041 are com-
parable, and greater than either of the small AmEPV
subunits to VV. BLAST values for AMV060 showed it to be
most related to the small poly(A) polymerase subunit
sequences from HaEPV (Sriskantha et al., 1997),
whereas AMV115 was most homologous to that of
MsEPV.
One highly conserved, ungapped motif (Fig. 4) [L/V]-Y-
I-G-S-X-X-[G/A]-[Y/T]-H-X-X-X-L can be somewhat ex-
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134 BAWDEN ET AL.panded if comparisons are limited to only EPV se-
quences. Note that there are other completely conserved
residues in the centermost region of the proteins and
many other conservative substitutions.
Another interesting feature is revealed when one ex-
amines the C-terminus of the small subunits (Fig. 4). One
immediately notes that the comparable VV small subunit
contains a C-terminal extension. The VV 36- to 43-amino-
acid C-terminal tail is nonessential for activity (Shi et al.,
1996) and is probably retained because the C-terminal
region of the VV subunit overlaps the next open reading
frame (J4R), which encodes a 22-kDa subunit of the VV
RNA polymerase (Goebel et al., 1990).
Why would AmEPV possess two rather than a single
small poly(A) subunit? One functional hypothesis to ac-
count for the presence of an additional small subunit is
suggested by the multiple activities of the poly(A) poly-
merase itself (Gershon et al., 1998). VV VP55 catalyzes
he initial (;35 base) addition of 39 poly(A) to newly
ynthesized mRNA or 59 phosphorylated nucleotide
rimers (Gershon et al., 1991). The small subunit VP39
as three activities. The first is to serve as a processivity
actor, which in the presence of VP55 extends the poly(A)
ength to several hundred A residues (Gershon and
oss, 1993). The second, distinct activity, mediated by
P39 alone, is an mRNA cap-specific 29-O-methyltrans-
erase (Schnierle et al., 1992). The third activity is an
ssociated transcription elongation factor (Latner et al.,
000). It is possible that these various activities have
een distributed among the two subunits. Alternatively,
ne of the subunits may have evolved to fulfill an entirely
nrelated function.
FIG. 4. Residues shared between poxvirus poly(A) polymerase subun
Insect consensus shows identity among the four EPV ORFs. AmEPV cMV050 and AMV210: DNA polymerase
In view of our findings with the poly(A) polymerase, we
all attention to a potentially interesting feature of EPV
NA polymerases first noted in African Swine Fever virus
Oliveros et al., 1997) and later in MsEPV (Afonso et al.,
999), which has also been found in AmEPV. The 1105-
esidue AmEPV ORF AMV050 is similar in length and
omologous to typical poxvirus-encoded DNA poly-
erases. A second, smaller (612 amino acids) AmEPV-
ncoded ORF, AMV210, shares a 460-amino-acid region
f clear homology with AMV050, although both proteins
ossess completely unique regions, i.e., the N-terminus
f AMV050 (residues 1–645) and C-terminus of AMV210
residues 463–612). Both proteins have been found to
ontain DNA polymerase motifs (Table 2), but their puta-
ive function as DNA polymerases awaits experimental
erification.
MV130: An ABC transporter-like protein
AMV130 represents the largest ORF in AmEPV. The
384-residue protein shows homology to the ATP-binding
assette (ABC) proteins. These are a large gene family
ound from bacteria to humans and have a variety of
unctions (van Veen and Konings, 1998). While most are
TP-driven membrane translocators, some act as ion
hannels, ion channel regulators, receptors, proteases,
mmune regulators, and even sensing proteins (Bauer et
l., 1999; Klein et al., 1999; Abele and Tampe, 1999). All
BC proteins share a common molecular architecture
onsisting of at least one 200- to 250-amino-acid ABC
assette and several predicted a-helical membrane
spanning segments (TMS or TMD). The minimum struc-
logs. Consensus shows the conservation between all five sequences.
us displays identities between the two AmEPV subunits.it homo
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135AmEPV SEQUENCEtural requirement is considered to be two ABC and two
TMD regions, present in either one (full transporter) or
two (half transporter) polypeptide chains. The AmEPV
putative ABC protein consists of TMD-ABC-TMD-ABC
domains, one of the structures of active ABC transport-
ers. This arrangement of AMV130 domains is also found
in the MDR/TAP, MRP, CFTR, and ABC1 subfamilies and
is associated with activities ranging from control of sex
(yeast), drug resistance (humans, bacteria), ion channels
(human CFTR gene), and engulfment of dead cells (C.
elegans) (Bauer et al., 1999; Klein et al., 1999; Abele and
Tampe, 1999). Each AmEPV TMD contains six or seven
transmembrane helices (Fig. 5). No other virus is known
to encode an ABC transporter. It is tempting to speculate
that the potential ABC transporter encoded by AmEPV
may play a role in evading host immune defenses (e.g.,
facilitating removal of toxic elements from virally infected
cells).
AMV007: A Kunitz-motif protease inhibitor (KPI)
AmEPV ORF AMV007 is located near the left end of the
AmEPV genome and encodes a small protein of 79
amino acids. A Prosite search revealed the presence of
a Kunitz family signature (Prosite PS00280), a motif as-
sociated with protease inhibitors (Fig. 6). Indeed, the
Kunitz-type pancreatic trypsin inhibitors represent one of
the most common families of serine protease inhibitors.
Kunitz-type inhibitors found within insects are typically
less than 100 amino acids in length. All contain certain
five invariant cysteine residues. AMV007 has all five
cysteines and the alignment allows prediction of an
arginine P1. The inducible serine protease inhibitor
(ISP-2) of Galleria mellonella (Frobius et al., 2000) and the
emolymph trypsin inhibitors (HLTIs A and B) of
anduca sexta (Ramesh et al., 1988) are both Kunitz-type
nhibitors that contain P1 residues of arginine and inhibit
FIG. 5. The transmembrane domains possessed by the putative ABC
transporter protein of AmEPV. This graphic was produced by the
THAMM program (Sonnhammer et al., 1998). The regions of the protein
indicated by the 13 bars can be seen to have a probability of 1 as
transmembrane domains. Although not shown in this figure, the areas
between these domains (residues 432–601 and 1097–1285) contain
ABC transporter (ATP binding) motifs (Prosite PS00211).rypsin-like proteases. Structurally, Kunitz-type inhibitors
re composed of short alpha/beta proteins with little
econdary structure. Although they are widespread in
ature, there are no reports of the presence of a Kunitz-
ype protease inhibitor (KPI) from this family in any viral
enome. It is interesting to note that vertebrate poxvi-
uses do encode protease inhibitors, but they are mem-
ers of a different family (the serine protease inhibitor,
erpin) family. The vertebrate poxvirus serpins have been
hown to have an immunoregulatory role in the infected
ertebrate host (Turner et al., 1999; McFadden, 1995;
McFadden et al., 1996). We propose that the AmEPV KPI
rotein may fulfill a similar immunoregulatory role in the
nfected invertebrate host, but may target different path-
ays than do the serpins, which control inflammation,
poptosis, and the host immune response (Turner and
oyer, 1998; Turner et al., 1995).
One function the KPI protein may possess is sug-
gested by the physiology of the insect host. The hemo-
lymph of insects contains relatively high concentrations
of a variety of protease inhibitors from several different
gene families (Kanost, 1999; Jiang and Kanost, 1997).
Protease inhibitors from the Kunitz family have been
identified as hemolymph proteins from lepidopteran in-
sect species (Sugumaran et al., 1985; Sasaki, 1984),
which function as inhibitors of trypsin or chymotrypsin.
These host KPI proteins have been shown to be impor-
tant in the avoidance of inopportune chymotrypsin-me-
diated activation of prophenyloxidase (Saul and Suguma-
ran, 1986; Aso et al., 1994). This enzyme is an early
component of the cascade required by the insect im-
mune system to produce melanin, which is used to
engulf and overcome invading foreign objects (Gillespie
et al., 1997; Vilmos and Kurucz, 1998). Production of such
a protein by an infecting virus may therefore lessen the
amount of prophenyloxidase induced by the insect im-
mune system during infection.
CONCLUDING REMARKS
Publication of the genomic sequence for AmEPV, an
EPV which can be readily grown and manipulated in cell
culture, opens the way for an examination of the role of
specific genes in host range and pathogenesis. As one
begins these studies, the most fruitful investigations are
likely to be those involving genes which are completely
novel or which are likely to be involved in host immune
defenses. Examples would include genes such as the
superoxide dismutase (SOD), Kunitz-protease inhibitor
(KPI), and the ABC transporter gene.
FIG. 6. The amino acid sequence of the putative serine protease
inhibitor encoded by AmEPV. Amino acid abbreviations are standard.
The Kunitz family signature (Prosite PS00280) is shown underlined and
italicized from residues 55 to 73.
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136 BAWDEN ET AL.The presence of an additional poly(A) polymerase
small subunit for what is normally a simple heterodimeric
enzyme (consisting of a single large and a single small
subunit) offers the potential for obtaining unique molec-
ular insight into the variety of functions normally attrib-
uted to this enzyme. Given the two encoded small sub-
units, it will be interesting to determine whether both
small subunits complex with the larger subunit and
whether the various activities of the enzyme are recapit-
ulated by a given complex or by individual subunits.
Finally, there are the evolutionary questions raised by
the AmEPV sequence. There are currently three genera
(A, B, and C) within the Entomopoxviridae subfamily.
Currently, both AmEPV and MsEPV are classified as
genus B viruses. Comparison of the sequence of AmEPV,
a lepidopteran virus, and MsEPV, an orthopteran virus,
indicates significant divergence in both gene order and
homologies. This divergence probably reflects ultimate
coevolution with individual hosts and, clearly, the viruses
assigned to genus B require reclassification.
The larger question pertains to the evolution of poxvi-
ruses as a family. It is generally believed that vertebrate
poxviruses evolved from insect poxviruses. However, be-
cause of the extreme divergence between vertebrate and
insect viruses, and even between EPVs, the steps in this
evolutionary path are not yet obvious and will depend on
additional information resulting from subsequent poxvi-
rus genomic sequences.
MATERIALS AND METHODS
Viral genomic DNA preparation
Growth and maintenance protocols for IPLB-LD-652
cells and AmEPV are described in detail in Bawden et al.
(2000). DNA was obtained from amplification of a single
wtAmEPV plaque (Bawden et al., 2000). Thirty 150-cm2
dishes containing approximately 2.4 3 107 LD652 cells
Goodwin et al., 1990) were infected at an m.o.i. of 0.01
ith wild-type AmEPV and incubated at 28°C. Infections
cells and medium) were harvested 6 days postinfection
nd centrifuged at 500 g for 15 min to remove cells. The
upernatant was centrifuged at 40,000 g for 30 min to
ellet virus. The pellet was resuspended in dH2O (100 mL
for each initial 30 mL of supernatant). DNase-free RNase
was added to a final concentration of 50 mg/mL and
ncubated at 37°C for 30 min. The sample and lysis
uffer (100 mM Tris, pH 8.0, 10 mM EDTA, 54% sucrose,
% SDS, 10 mM b-mercaptoethanol) were brought to
50°C, and lysis buffer was added to the sample at a 1:1
ratio. Proteinase K was added to a final concentration of
0.6 mg/mL. The viral lysate was incubated overnight at
50°C. The lysate was extracted three times with 50:49:1
phenol:chloroform:isoamyl alcohol and once with chloro-
form, and the DNA was precipitated in 0.4 M LiCl2, 95%
ethanol.Tsp509I partial digest library preparation
Ten micrograms of AmEPV DNA was digested with 5
units of Tsp509I. Two aliquots were removed at 3- and
6-min time points and digestion stopped with 50 mM
EDTA (final concentration). This method was repeated in
triplicate for a total of 30 mg of digested DNA. Fragments
f 2–3 and 4–5 kb were gel-purified separately with the
ene-Clean II kit (Bio101, Vista, CA) and ligated into the
coRI site of the PUC19 plasmid vector (Amersham Phar-
acia Biotech UK Ltd., Chalfont, Buckinghamshire, UK).
he ligation mixture was transformed into DH5-a com-
petent cells and plated onto LB agar plates containing 50
mg/mL ampicillin and 800 mg/plate each IPTG and X-gal
Sambrook et al., 1989). White colonies were isolated and
grown overnight in 1 mL TB medium (Sambrook et al.,
1989) plus 50 mg/mL ampicillin.
Sequence determination
Plasmid DNA was prepared using the QIAgen BioRo-
bot 9600 and the QIAprep 96 Turbo miniprep kit. Se-
quencing was performed with 200–500 ng of plasmid
DNA as template using a 0.253 concentration of ABI
Prism BigDye Terminator Cycle Sequencing Ready Re-
action kit (No. 4303153; Perkin–Elmer Applied Biosys-
tems [ABI], Foster City, CA). Cycle sequencing was per-
formed using a PTC-200 DNA Engine (MJ Research,
Watertown, MA) (25 cycles: 1°/s to 96°C; 96°C for 10 s;
1°/s to 60°C; 60°C for 4 min). Dye terminator removal
was on Multiscreen-HV plates (Millipore, Bedford, MA)
with Sephadex G-50 superfine (Sigma, St. Louis, MO) in
water. The reactions were electrophoresed on an ABI
377 sequencer, and the chromatograms were edited with
Analysis version 1.2.1 (ABI) and assembled as described
below.
Sequence assembly and analysis
Chromatograms were assembled into “contigs” using
the Phred/Phrap/Consed software package (Ewing and
Green, 1998; Ewing et al., 1998; Gordon et al., 1998). After
assembling 3500 chromatograms into six contigs,
Consed designed 43 finishing experiments. Custom oli-
gonucleotide primers were synthesized by Integrated
DNA Technologies (Coralville, IA), and upon completion
of the experiments, the assembly contained the entire
unique region of the genome and one inverted terminal
repeat (ITR). After further data manipulation using the
programs phrapview and miropeats, the ITR regions on
either end were delineated (Ewing and Green, 1998;
Parsons, 1995). The consensus was sequenced to an
average redundancy of 103. The sequence was con-
firmed by comparison to BamHI, EcoRI, HindIII, PstI, and
XhoI restriction maps of AmEPV (Hall and Hink, 1990).
The sequence of AmEPV has been deposited in Gen-
Bank, nucleotide accession number AF250284. Methi-
onine-initiated open reading frames were delineated us-
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137AmEPV SEQUENCEing Vector NTI. Open reading frames that translated into
proteins less than 60 amino acids were discarded from
our analysis. Relevant homologies were determined by
BLAST analysis (Altschul et al., 1990, 1997) and addi-
tional domains found using the Pfam program (Bateman
et al., 1999). Transmembrane, leucine zipper, and signal
peptide domains were predicted by the Psort program
(Horton and Nakai, 1996, 1997).
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